Common type 1 fimbriae were isolated from Escherichia coli and their length distribution profile was determined before and after treatment with ultrasound. As fimbriae were shortened, so their haemagglutinating capacity decreased, but their ability to bind to erythrocytes did not decrease to the same extent. Isolated fimbriae did not agglutinate inside-out vesicles prepared from horse erythrocytes or liposomes, suggesting that the binding mechanism was not based on non-specific hydrophobic interactions. The results support a lateral rather than a terminal location for the fimbrial binding site responsible for haemagglutination.
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While there appears little doubt that common type 1 fimbriae are the organelles of attachment involved in mannose-sensitive adhesion of bacteria to erythrocytes and a variety of other substrates, no information is available which defines the location of the binding site on the fimbriae. From the results of Brinton (1965) using 'polystyrene latex' spheres it appears that the binding site is terminal, since fimbriae were observed attached to latex spheres only by their tips. However, more recently Salit & Gotschlich (1977) reported that type 1 fimbriate cells of E. coli attached to the surface of monkey kidney cells via fimbriae which were in contact with the kidney cell surface over considerable lengths.
This paper presents data which are consistent with laterally located binding sites in common type 1 fimbriae.
METHODS
Organism and growth conditions. Escherichia coli (NCTC 8623) serotype 0125 : K70(B15): H19 was obtained from the National Collection of Type Cultures, Colindale, London.
Preparation of fimbriae. Fimbriae were prepared from cells grown in static culture for 48 h at 37 "C in 1 litre Fernbach flasks, each containing 350 ml nutrient broth no. 2 (Oxoid). The method used was based on that of Novotny et a!. (1969) . Formalin-treated cultures were centrifuged at 5000g for 15 min and the sedimented cells were washed once in phosphate buffered saline (PBS ; 5 ~M -N~H , P O , / N~, H P O , buffer, pH 7.3, containing 0.145 M-NaCl). The pellet was resuspended in PBS to a cell concentration of 4 x los ml-l and blended at 4 "C in an M.S.E. homogenizer for 2 min at 9500 rev. min-l. This procedure detached most of the flagella filaments and sex pili, as assessed by electron microscopy. The blended cell suspension was centrifuged at 10000g for 15 min, the supernatant was discarded and the pellet was resuspended in PBS and blended at 14000 rev. min-l for 2 min at 4 "C. Most of the cells were subsequently removed from the blended suspension by centrifugation at 10000 g for 15 min. The supernatant fluid containing fimbriae was subjected to two cycles of centrifugation at 30000 g for 30 min, which sedimented remaining whole cells, lysed cells and cell debris. The supernatant fluid was then centrifuged at 150000g for 120 min; the fimbriae formed a transparent gelatinous pellet which was resuspended in PBS or distilled water to a concentration of about 1 mg protein ml-l. Sodium azide (60 p~) was added as an inhibitor of bacterial growth and the preparation was stored at 4 "C.
Treatment with ultrasound. Suspensions of fimbriae were subjected to ultrasound using an M.S.E. ultrasonic disintegrator with an exponential probe. Suspensions on ice were exposed for periods of 30 s with alternating cooling periods of 30 s, up to a total exposure period of 12 min.
1251-Labelling offimbriae. Fimbriae were labelled with 1251 using the procedure of Gow & Wardlaw (1975) which was based on that described by Hubbard & Cohn (1972) . The reaction mixture consisted of 10 milk units lactoperoxidase (Sigma), 10 milliunits glucose oxidase (Sigma), 10 pCi carrier-free NalZ5I (The Radiochemical Centre, Amersham), 5 pM-glUCOSe and 1 to 2 mg fimbrial protein. Following incubation of the complete reaction mixture for 1 h at 37 "C, the preparation was dialysed against three 5 1 volumes of distilled water containing 10 pM-sodium thiosulphate during 24 h. After dialysis the labelled fimbriae were stored at 4 "C with 50 pM-NaN, as a growth inhibitor. The radioactivity of 100 pl samples of suspension was measured in a Nuclear Enterprises 8312 automatic P-7 spectrometer. Using this labelling technique the specific activity was approx. 5 x lo6 c.p.m. (mg protein)-l. Labelled fimbriae retained their mannose sensitivity and erythrocyte specificity in haemagglutination tests.
Haemagglutination (HA) tests. These were done using the Cooke Engineering microtitre system (Flow Laboratories, Irvine, Scotland). Doubling dilutions of fimbriae were prepared in 0.05 ml PBS and 0.05 ml of a 1 % (v/v) suspension of washed horse erythrocytes was added to each well. After thorough mixing ( 5 min), the trays were refrigerated overnight and the titre was recorded as the reciprocal of the highest dilution of fimbriae which caused agglutination of the erythrocytes.
Protein estimation. Protein was estimated by the method of Lowry et al. (1951) using bovine serum albumin as a standard.
Measurement of fimbrial length. The length of fimbriae was measured on enlarged electron micrographs taken of negatively stained preparations of fimbriae. Filament lengths were measured using a cartographer's wheel. One thousand filaments from each preparation were measured and the results were plotted as histograms to show the length distribution.
Electron microscopy. Negative staining of fimbriae was done using 2 % (w/v) potassium phosphotungstate.
Equal volumes of h b r i a l suspension and negative stain were mixed and applied to carbon-coated Formvar films. The excess fluid was removed with a filter paper point and the remaining film was allowed to dry. Grids were examined in a Philips EM300 electron microscope.
Preparation of membrane vesicles. Inside-out vesicles were prepared from washed horse erythrocytes by Figure 1 shows the appearance of isolated fimbriae in negatively stained preparations examined by electron microscopy. The length distribution in a freshly isolated preparation of fimbriae was assessed from such micrographs by direct measurement (Fig. 2) . The fragments which occurred with greatest frequency were those measuring between 100 and 200 nm (about a quarter of the fragments measured were in this category). Some 77 yo of the filament protein in the preparation was accounted for in filaments with lengths between 100 and 600nm. When samples from the same filament preparation were subjected to ultrasound for 5 min, the length distribution profile changed markedly (Fig. 3) . After sonication there were no filaments with lengths greater than 70 nm and over 70 yo of the filament protein was accounted for in filaments of between 5 and 35 nm in length. Over 70% of the filaments present were between 5 and 25 nm in length.
RESULTS
The effect of ultrasound on the ability of fimbriae to induce haemagglutination is shown in Fig. 4 . There was an exponential loss of haemagglutinating activity, without any lag, accompanied by a progressive reduction in the length of the filaments (data not shown) as the sonication time was increased. After 5 min of treatment the haemagglutinating activity was completely lost. On: Wed, 24 Apr 2019 22:54:12 Figure 5 shows the relationship between the progressive reduction in the length of filaments and their ability to bind to erythrocytes. The amount of 1251-labelled protein bound to erythrocytes fell only slightly during the initial sonication period when the HA titre fell markedly from 512 to 32 and thereafter remained almost constant during a further reduction in HA titre to 4. The increased period of sonication required to reduce the HA titre from 256 to 2 in Fig. 5 when compared with Fig. 4 simply reflects differences in sonication conditions including sample volume, the geometry of the container and the rate of energy input.
When liposomes or inside-out vesicles prepared from horse erythrocytes were used in place of horse erythrocytes in the microtitre haemagglutination assay, no agglutination was observed with 32 haemagglutinating units of isolated fimbriae.
DISCUSSION
The general acceptance that bacterial fimbriae and, in particular, common type 1 fimbriae are composed of identical subunits, which aggregate in a specific manner to form hollow cylinders, raises important questions relating to their mode of binding to substrates. The binding of both whole fimbriate E. coli NCTC 8623 and isolated type 1 fimbriae to erythrocytes displays mannose sensitivity and a similar species specificity. It is generally assumed that the same mechanism is involved in haemagglutination induced by either isolated fimbriae or whole fimbriate cells.
The location on the filament of the site of the haemagglutinin(s) or fimbrial adhesin(s) responsible for this type of binding could be terminal or lateral. The concept of a single specific binding region located at the distal tip of fimbriae is not tenable since this would make isolated fimbriae monovalent. It would then be difficult to explain the haemagglutinating capacity of isolated fimbriae without postulating binding via bundles of filaments. However, subunits in the terminal regions of either isolated fimbriae or cell-associated fimbriae must differ from those in lateral regions in the sense that different areas of the subunit surface will be exposed to potential receptors. This difference between the regions of the subunits exposed to the environment at the termini and laterally provides a rational basis for the suggestion that adhesion sites occur at each end of filaments. Since the subunits of fimbriae are thought to associate to form filaments via hydrophobic interactions, then relatively hydrophobic areas would be exposed at each terminus of an isolated filament. This may explain the observations of Brinton (1965) , that isolated type 1 fimbriae stick to ' polystyrene latex ' beads by their tips and not their sides, since ' polystyrene latex ' would be expected to have a relatively non-polar surface. This type of adhesion via hydrophobic interactions would not be expected to display mannose sensitivity. Unfortunately no data have been published on whether or not the terminal binding of fimbriae to such beads is mannose-sensitive. We have found no evidence to suggest that a non-specific hydrophobic interaction is involved in binding of fimbriae to membranes. Inside-out vesicles prepared from horse erythrocytes are not agglutinated by isolated fimbriae. Also artificial membrane vesicles (liposomes) prepared from egg phosphatidyl choline, dicetyl phosphate and cholesterol are not agglutinated by isolated fimbriae. If fimbriae have terminal mannose-specific binding sites, i.e. two such sites for each filament, generation of two new potential binding sites could occur each time a filament was broken, Thus, in the simplest case, if sonication caused all filaments to break, then the number of potential binding sites would double. During the initial period of sonication there should be rapid generation of new termini and a rise in the HA titre of the preparation may be expected. Superimposed on this effect would be a reduction of some of the shorter filaments in the preparation to a length which is below the minimum required for crosslinking of erythrocytes. Even assuming a relatively high minimal length requirement for cross-linking to occur, e.g. > 50 nm, if all filaments in the preparation shown in Fig. 2 were broken in half, the titre of the preparation would still be expected to rise by about 40% (assuming that HA titre is directly related to the number of filaments > 50 nm in length). This is clearly not the case and no transient rise in titre was observed before the progressive fall during sonication of isolated filaments (see Fig. 4) . A decrease in haemagglutinating activity with sonication was reported by Salit & Gotschlich (1977) in studies of isolated type 1 fimbriae from a strain of E. coli K12. The results shown in Fig. 4 support the concept that the HA titre is related to the number of filaments above a critical length. This, in turn, favours a lateral location for binding sites distributed along the length of the filaments.
Further evidence favouring this concept comes from the results of the experiment in which the amount of fimbrial protein bound to a fixed amount of erythrocytes was followed during treatment of the labelled fimbriae with ultrasound. In this instance, a fixed number of receptor sites on the erythrocytes were present in the reaction mixtures. If the filaments have terminal binding sites, then as they are reduced in length during increasing periods of exposure to ultrasound, one would not only expect a transient increase in the HA titre of the preparation but also a progressive decrease in the amount of protein bound, since each erythrocyte receptor would be binding a shorter filament. Clearly this was not the case. After a slight fall in the initial amount of protein bound, a plateau was reached and the level of bound (sedimentable) protein became almost constant even though the HA titre continued to fall. This result favours a lateral location for binding sites as discussed above. The constant level of protein bound during a progressive shortening of filaments can be explained by a mechanism such as that illustrated diagrammatically in Fig. 6 . The constant number of sites are at all times fully saturated, but the filament length has been reduced in (b) and (d) to a quarter of that in (a) and (c). During treatment with ultrasound a slight loss in the amount of bound protein followed by a constant amount bound (as seen in Fig. 5 ) is consistent with the mechanism shown in Fig. 6 (c, d ), but not with that shown in Fig.  6(a, b) . In the first mechanism (Fig. 6a, b) one would expect a decrease in the amount of bound protein to one-quarter of the original value whereas in the second mechanism only a relatively small decrease in bound protein would result.
Old & Payne (1971) proposed that the fimbrial binding site (haemagglutinin) was situated at the tip of filaments attached to whole cells of Salmonella spp. This suggestion was based on the finding that the so-called haemagglutinin was not a major fimbrial antigen and therefore that the fimbrial tip was a likely location. In contrast, Duguid & Gillies (1958) favoured a lateral location for the fimbrial haemagglutinin. Again their conclusion was based upon immunological data. Fimbrial antibodies caused an inhibition of haemagglutination and the antibody molecules were found to be located laterally on fimbrial filaments, rather than terminally, when cells were examined by electron microscopy. More recently Salit & Gotschlich (1977) examined the adherence of fimbriate E. coli K12 to monolayer cultures of monkey kidney cells and after electron microscopy of the adherent cells concluded that fimbriae adhere along their length rather than at their tips as was the case for gonococcal pili (Swanson, 1973) .
Our data suggest that adherence to erythrocyte receptors occurs along the length of fimbriae. The adherence of isolated fimbriae via their tips to 'polystyrene latex' spheres as reported by Brinton (1965) and a similar type of adherence noted between isolated gonococcal pili and latex beads (Buchanan, 1976 ) may both involve non-specific mechanisms. At least in the case of common type 1 pili, the effect of mannose or a-methyl mannoside on the adhesion of isolated filaments to 'polystyrene latex' beads should be assessed before any conclusions can be reached about the adhesion mechanisms involved.
